Award Number: W81XWH-12-1-0324

TITLE: Extracellular Hsp90 as a Novel Epigenetic of EMT and Metastatic Risk in Prostate
Cancer

PRINCIPAL INVESTIGATOR: Jennifer S Isaacs

CONTRACTING ORGANIZATION: Medical University of South Carolina
Charleston, SC 29425-8908

REPORT DATE: December 2015

TYPE OF REPORT: Final

PREPARED FOR: U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Approved for Public Release;
Distribution Unlimited

The views, opinions and/or findings contained in this report are those of the author(s) and should not be
construed as an official Department of the Army position, policy or decision unless so designated by
other documentation.



REPORT DOCUMENTATION PAGE OMB NG s o758

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the
data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing this
burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302.
Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently valid
OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE 2. REPORT TYPE 3. DATES COVERED
December 2015 Final 30Sep2012 - 29Sep2015.
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

W81XWH-12-1-0324

Extracellular Hsp90 as a Novel Epigenetic of EMT and Metastatic Risk 5b. GRANT NUMBER
in Prostate Cancer Pél 10235

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER
Jennifer S. Isaacs

5e. TASK NUMBER

5f. WORK UNIT NUMBER
E-Mail: isaacsj@musc.edu

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
NUMBER

Medical University of South Carolina

179 Ashley Ave

Charleston, SC 29425

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)

U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

11. SPONSOR/MONITOR’S REPORT
NUMRFRI(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT
Approved for Public Release; Distribution Unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

Although tumor cells preferentially secrete Hsp90, the function of this extracellular Hsp90 (eHsp90) is not well
understood. Our work provides novel mechanistic insights into its oncogenic action within the context of prostate
cancer. Our findings indicate that eHsp90 serves as a rheostat for ERK-MAPK activity, which subsequently
upregulates expression of the oncogenic polycomb methyltransferase EZH2. Moreover, an eHsp90-ERK axis
directed EZH2 recruitment to the promoters of target genes, eliciting the suppression of the EMT gatekeeper E-
cadherin. Moreover, EZH2 activity was critical for maintaining expression of EMT drivers such as Snail and Zeb,
indicating that eHsp90-EZH2 signaling broadly orchestrates molecular changes known to support tumor
progression. Our newer findings indicate that ERK-MAPK signaling may also modulate EZH2 recruitment to EMT
effector targets. Moreover, HDAC1/2 differentially recruits EZH2 to the E-cadherin promoter. Finally, we show that,
although eHsp90 promotes a stem-like phenotype, ERK and EZH2 activity regulate discrete components of this
pathway. Interestingly, EZH2 blockade is less efficacious after formation and propagation of stem-like cells,
indicating potential clinical roadblocks for tumor treatment. Overall, we demonstrate that an eHsp90-EZH2
oncogenic pathway supports EMT activation and cellular de-differentiation, events that are collectively predicted to
promote cancer progression and treatment resistance.

15. SUBJECT TERMS
Hsp90, Epithelial to Mesenchyal Transition (EMT), Polycomb, methyltransferase, EZH2, ERK signaling

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER | 19a. NAME OF RESPONSIBLE PERSON
OF ABSTRACT OF PAGES USAMRMC
a. REPORT b. ABSTRACT c. THIS PAGE 19b. TELEPHONE NUMBER (include area

U U U U U 28 code)




Table of Contents

Page

TABLE OF CONTENTS
Page

INtrodUCtION. ...cueei 4
2 7o T | 5-11
Key Research Accomplishments.............cccooeiiiiiiiii e 12
Reportable OUtCOMES....... ..o e e e 12
CONCIUSION. ... e 13



INTRODUCTION

The purpose of this proposal is to elucidate the mechanism by which extracellular Hsp90 (eHsp90) promotes
an epithelial to mesenchymal transition (EMT) in prostate cancer (PCa). It is widely believed that EMT
activation facilitates a switch towards aggressive behavior. EMT is tightly linked with tumor invasion, a requisite
for metastatic spread, and a major cause of PCa lethality. The proposal hypothesis is focused upon the
functional cooperation between eHsp90 and the polycomb protein EZH2. EZH2 is upregulated in many solid
tumors, including PCa, and is correlated with poor prognosis. We have demonstrated that eHsp90 upregulates
EZH2 and initiates EMT events. eHsp90 also induces expression of HDAC1 and HDACZ2, histone deacetylases
known to serve as cofactors for EZH2 and inducers of EMT. This proposal seeks to clarify the epigenetic
mechanism of eHsp90 action, towards the goal of establishing eHsp90 as a therapeutic target in PCa. The
objectives of this proposal are to delineate the relationship among eHsp90, EZH2, and HDAC1/2 within the
context of EMT events, evaluate the functional implications of this pathway in preclinical models, and evaluate
the putative role of eHsp90 as a modulator of cancer stemness. These collective pursuits will allow a refined
assessment of the utility of eHsp90 as a potential biomarker for progression, as well as provide evidence for
the feasibility of therapeutically targeting eHsp90 as a means to restore epigenetic homeostasis and suppress
PCa aggressiveness.



BODY:
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Task 1: Generate requisite cell models to evaluate the key effectors of eHsp90-mediated E-cadherin
repression.

- 1a: Not completed/successful. Generate an EZH2-expressing derivative of ARCaPE-eHsp90. This
model will minimize the ability either eHsp90 or ERK blockade to diminish EZH2 expression.

- 1b: Not completed (see summary). Generate a Snail-expressing derivative of ARCaPE-eHsp90.

- 1c: Partially completed. Generate a derivative of ARCaPE-eHsp90 wherein EZH2 function is
suppressed but Snail expression enforced.

- 1d: Partially completed. Evaluate the respective effects of these pharmacologic and molecular
manipulations upon expression of E-cadherin, EZH2, Snail and HDAC1/2.

Task 1 Summary

Our prior data had indicated a complex molecular relationship between eHsp90, ERK, and EZH2. We
suggested several molecular and pharmacological manipulations towards the goal of deciphering this
relationship within the context of eHsp90-mediated EMT in prostate cancer. While we were unable to
significantly over-express either Snail or EZH2 in our model systems (Tasks 1a, 1b), we have embarked on
complementary approaches. In our prior report, we demonstrated that pharmacological inhibition of EZH2
decreased expression of a number of EMT-driver proteins, while restoring E-cadherin expression (also
published in). We generated a derivative of ARCaPE-eHsp90 with compromised EZH2 function (Task 1c¢),
which similarly reduced expression of EMT effectors such as Twist and Snail (Figs. 3F, 5B Nolan et al., J.
Biological Chem 2015). This mutant also reduced eHsp90-mediated cell motility, as well as anoikis resistance
and cell motility, while restoring epithelial cell polarity (Figs. 5A, C, E, Nolan et al., JBC 2015). These findings
demonstrate that EZH2 is a downstream effector of the eHsp90-ERK axis. This was confirmed, in that
pharmacological inhibition of EZH2 restored E-cadherin expression and reversed several of the traits
associated with EMT activation, without altering ERK phosphorylation (Figs. 3A, H, Nolan et al. 2015). Given
that eHsp90 appeared to serve as a major rheostat for ERK activation among all tested prostate cancer cell
lines (Nolan et al.), we have embarked on a plan to further dissect eHsp90 and ERK signaling events. We have
recently obtained a lentiviral plasmid for a constitutively active BRAF mutant (BRAFV600E). As expected,
transfection of 293 cells with this BRAFV600E mutant dramatically increased ERK activation (Fig. 1). We plan
to utilize this approach of maintaining a high level of constitutive ERK activation in tandem with eHsp90
blockade to define whether ERK activation may phenocopy eHsp90 signaling. We will be able to block eHsp90
action within the context of constitutive ERK signaling. Moreover, we will be able to suppress Snail and EZH2
within this same context to delineate their respective functions as it relates to EMT activation.

~ X
§Fs
ST &
BRAF IE Fig. 1. Approach to generate constitutively activate ERK. Western blot analysis of 293 cells
P-ERK IE transiently transfected with either a constitutively active HA-MEK or BRAFV600E construct. The
latter is more readily able to induce ERK activation.

Task 2: Determine the epigenetic mechanism of eHsp90-mediated E-cadherin suppression.

- 2a: Partially completed. Perform ChIP studies for EZH2, H3K27m3, H3K27Ac, and Snail with above
models, within the context of -/+ eHsp90 blockade (NPGA) or ERK inhibition (UO126 or ERK2
suppression).

- 2b: Mostly completed. Perform ChIP studies for EZH2, H3K27m3, H3K27Ac, and Snail with newly
generated HDAC1 vs HDAC2 KD and also compare with MS275 treated cells.

- 2c: Partially completed. Re-evaluate the relation between EZH2 and Snail at the E-cadherin promoter.

- 2d: Not initiated. Evaluate whether PRC1 components may be modulated by an eHsp90-EZH2-Snail
axis.



- 2e: Initiated. Utilize biochemical approaches to validate the formation of differential epigenetic
complexes.

Task 2 Summary

We recently published (Nolan et al., 2015) that NPGA and ERK blockade (UO126) generally increased
H3K27me3 marks at the E-cadherin promoter, further establishing the cooperation between eHsp90 and ERK
(Figs. 4C-E). We also demonstrated these trends in multiple cell lines, such as in DU145. We also noted an
increase in the inverse activation mark H3K27Ac. We also evaluated the epigenetic effects of Snail
suppression (Related to Task 2a). As shown, Snail knockdown modestly affected EZH2 recruiting and activity
(Fig. 2). Notably, these changes were predominantly observed at the transcriptional start site (TSS), whereas
EZH2 was not impacted at sites surrounding the TSS. This suggests that while eHsp90 and ERK have a major
effect on EZH2 recruitment and activity at the E-cadherin promoter, Snail is just one effector of the eHsp90-
mediated E-cadherin suppression mechanism. It is entirely possible that Snail partners with other epigenetic
effectors, such as Ring1B from the PRC1 complex, to modulate E-cadherin repression. At this point, we can
infer that an eHsp90-Snail pathway participates in E-cadherin suppression, at least in part via EZH2
recruitment at the E-cadherin TSS site.
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We further interrogated the role of ERK signaling as it related to eHsp90-dependent E-cadherin repression. To
inhibit ERK signaling, ARCaPE-eHsp90 cells were treated with either the MEK-ERK inhibitor UO126 or the
specific ERK inhibitor SCH772984 (SCH). These inhibitors appeared to elicit a more pronounced effect upon
EZH2 activity (i.e. H3K27me3) rather than affecting overall recruitment over a 4kB region within the E-cadherin
promoter region (Fig. 3A). Conversely, UO126 markedly increased the active H3K27me3 mark, which
correlates with the restoration of E-cadherin transcription and protein expression following this treatment. We
additionally evaluated the effects of ERK1 and ERK2 suppression, as reports indicate a predominant role for
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ERK2 in modulation of E-cadherin, also supported by our data (Fig. 3B). As shown, suppression of either
ERK1 or ERK2 reduced both EZH2 recruitment and associated activity over a broad area within the E-cadherin
promoter (Fig. 3C). Although ERK2 suppression elicited a more pronounced reduction of EZH2 recruitment
and activity at the -1.4kB site, it is not possible to infer whether this differential response is responsible for the
more robust expression of E-cadherin following ERK2 suppression relative to ERK1 suppression. Of note, it
appeared that suppression of ERK proteins elicited more dramatic effects upon EZH2 recruitment relative to
the pharmacologic agents. It is possible that, in addition to its kinase activity, ERK proteins may also serve a
scaffold function, which may explain this differential in EZH2 recruitment

We previously demonstrated that HDAC inhibitors restore E-cadherin expression within the context of eHsp90
signaling. We also showed that suppression of either HDAC1 or HDAC2 inceased E-cadherin expression. As
part of Task 2b, we further evaluated the relation between eHsp90 and HDACs. As shown, exposure of
LNCAP cells to Hsp90 protein for 3 days increased HDAC1 protein expression (Fig. 4A). Interestingly,
treatment of LNCaP Al (androgen independent) cells with NPGA conversely reduced HDAC1 expression. We
also found that HDAC1 was elevated in ARCaPE-eHsp90 cells relative to ARCaPE-LacZ controls (Fig. 4B).
Treatment of ARCaPM cells with NPGA for 3 days reduced HDAC2 expression, indicating that eHsp90 may
regulate HDAC expression. However, this regulation did not appear to be governed via an ERK-dependent
pathway (Figs. 4D-E).
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LNCaP Al days, or to the eHsp90 inhibitor NPGA (1
ARCAPM uM), also for 3 days. Immunoblots of
resultant lysates are shown. B)
D E Immunoblots from LacZ or eHsp90-
U0126 . 1D 3D 5D 25 *T‘ expressing ARCaPE cells are shown. C)
© 20 ARCaPM cells were treated with NPGA for

HDAC1 3 days and immunoblots assessed. D)

®lacz Cells were treated with UO126 (10 uM) for
®eHsp90 UT the indicated times and blots for the

*.[ *
* T 'l'
L
o
z 10 I T ! -
2 e \“ Il ml eHsp90 U0126  indicated proteins are shown. E) eHsp90-

P-ERK

ERK
induced HDAC expression is not
transcriptionally requlated.

i

Tubulin
ARCAPE-eHsp90 EZH2 HDAC1 HDAC2

We further explored the epigenetic effects of HDAC suppression (Task 2b). Towards this goal, we first treated
ARCaPE-eHsp90 with the HDAC inhibitor (Class I) MS275. As shown, this treatment broadly reduced EZH2
recruitment to the E-cadherin promoter (Fig. 5A). Correspondingly, EZH2 activity was broadly reduced (Fig.
5B), and H3K27Ac marks were robustly increased (Fig. 5C). Taken together, this result indicates that HDACs
have a larger role beyond regulating EZH2 activity and that they are actively involved in EZH2 recruitment. We
further explored the role of HDACs by suppressing either HDAC1 or HDAC2, which is sufficient to increase E-
cadherin (shown in last progress report). Interestingly, our data indicate that HDAC2 plays a larger role in the
regulation of EZH2 recruitment to the E-cadherin promoter (Fig. 5D). Curiously, HDAC suppression did not
appreciably diminish EZH2 activity (Fig. 5E). Our preliminary data indicate that HDAC2 may possess distinct
activities in modulating EZH2 recruitment, whereas HDAC1 and HDAC2 exhibit compensatory functions in
supporting EZH2 activity. The simultaneous suppression of HDAC1 and HDAC2 would be needed to further
discern the effect of these proteins upon EZH2 recruitment and activity. Curiously, HDAC1 suppression elicited
a greater increase in the active H3K27me3 mark relative to HDAC2 suppression, and this was only observed
at the -1.4kB site typically co-occupied by EZH2 (Fig 5F). The diminished histone acetylation observed at the
0.5kB site was unexpected. These results suggest that chromatin effectors may elicit discrete and localized
changes to affect gene transcription.
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Fig. 5. HDACs regulate EZH2 recruitment to the E-cadherin promoter. ARCaPE-eHsp90 cells
were treated for 3 days with the class | HDAC inhibitor MS274. Cells were prepared for ChIP-gPCR.
(A-C) ChIP-gPCR results of EZH2 recruitment, H3K27me3 deposition, and H3K27Ac,, respectively.
Alternatively, HDAC1 or HDAC2 was stably suppressed. (D-F) shows the corresponding EZH2
recruitment, H3K27me3 deposition, and H3K27Ac within the context of HDAC suppression. Statistical
analysis was performed via Student’s T-test at each individual site, * P< 0.05, ** P<0.01.

To further understand the relation between eHsp90-ERK signaling and epigenetic regulation, we initiated
studies to evaluate whether ERK signaling may modulate the cohort of proteins in association with EZH2 (Task
2e). In our pilot studies, ARCaPE-eHsp90 and ARCaPM cells (both of which have constitutively active ERK)
were treated for 6 hr with the ERK specific SCH inhibitor. We chose a 6 hr time point to minimize
transcriptional effects, thereby evaluating relatively early protein-mediated changes due to ERK signaling.
Interestingly, in ARCaPE-eHsp90, ERK inhibition reduced both ERK and HDAC2 protein interactions with
endogenous EZH2 (Fig. 6A). Treatment of ARCaPM resulted in dissociation of HDAC1 and also ERK. We
also noted a decrease in Snail (we did not detect Snail binding in ARCaPE-eHsp90). Interestingly, there was
no change in the PRC2 protein Suz12, indicating that ERK signaling may not disrupt the core components.
Further experiments are underway, including unbiased proteomic approaches, to further interrogate this

pathway.
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Task 3: Evaluate of the role of eHsp90-regulated molecular effectors in maintenance of stem-like
population.

- 3a: Mostly completed. Utilize the cell models generated in Task 1 to further define how eHsp90-ERK-
EZH2-Snail signaling supports a cancer stem-like population.

- 3b: Initiated. Determine whether E-cadherin loss is a requisite for generation of the cancer stem-like
population.

- 3c: Mostly completed. Evaluate the ability of flow sorted stem-like populations to form multi-
generational prostaspheres, a functional assay for self renewal. This property is highly associated with
tumor repopulation activity.

Task 3 Summary

There are no existing reports linking eHsp90 to cancer stemness. To better address this question, we
generated stably transduced Hsp90 secretion models (eHsp90) for both DU145 and LNCaP. We initially
evaluated the connection between eHsp90 and cancer stemness by evaluating transcript expression for gene
targets commonly associated with this property, including the drug transporter ABCG2, the detoxifying enzyme
ALDHA1, and ID2 (Inhibitor of Differentiation). We show the general trend that eHsp90 expression elevates
expression of these targets in all 3 cell lines (Fig. 7A). To further characterize the effectors of this property
(Task 3a), EZH2 activity was suppressed by either pharmacologic means (GSK343) or via stable expression of
an inactive dominant negative mutant (H694L). Both methods were used to counteract the possibility that
stem-like cells may be more efficient at effluxing drugs. We show that either approach effectively reduced
transcript expression of these stem-like markers (Fig. 7B). Interestingly, ERK inhibition with SCH increased
ALDH expression and had no effect upon ABCG2 (Fig. 7C), indicating that ERK and EZH2 function may
diverge in regulation of stem-like markers. Given that EZH2 may associate with B-catenin and regulate Wnt
signaling, we are investigating whether eHsp90-mediated stemness may be due to the Wnt pathway. As
suppression of E-cadherin can also stimulate Wnt activation, and lead to EMT events, we also utilized CRISPR
technology to downregulate E-cadherin (Task 3b). Although this was successful, we did not observe any
changes in spheroid formation (not shown), indicating that E-cadherin expression itself is not a main
determinant of spheroid growth.
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The aforementioned transcript evaluation of stem-like markers was done in bulk adherent cells. We next
sought to evaluate whether these markers were elevated in cells that exhibited stem-like behavior. To assess
this, we isolated cells based on their dye-efflux properties, also known as the ‘side population’. In fact, we find
that ID2, ALDH, and importantly, EZH2, are upregulated in the side population (SP) from LacZ or eHsp90 cells
(HS). The differential expression of ID2 and EZH2 was higher in the LacZ side populations, as eHsp90
increases the basal expression of these markers. While dye efflux is typically associated with ABCG
transporter expression, one can also isolate stem-like cells via the ALDH assay. We utillzed this assay and
found that eHsp90 increased the ALDH+ population by 50%, whereas EZH2 suppression reduced this
population (Fig. 8A). These functional data support our transcript data. We then evaluated the effects of Snail
suppression and found that Snail suppression dramatically reduced the ALDH+ population (Fig. 8B). These
results indicate that both EZH2 and Snail modulate these stem-like properties. However, further studies are
needed to define whether these proteins work collaborative to regulate these behaviors.
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A complementary and well-characterized assay for enrichment and isolation of stem-like cells evaluates the
ability of cells to form spheres, or prostaspheres, which takes advantage of their ability to survive under
attachment-free conditions. As expected from our molecular data, eHsp90 promoted prostasphere efficiency in
ARCaPE cells, a trend that became increasingly evident as the spheres were passaged from P1 to P4 (Fig.
9A). We next assessed whether spheres remained dependent upon eHsp90 prior to, and following, spheroid
growth. To assess this, we subjected the cells to 3 different treatment regimens: (/) Post-drug, wherein cells
were drug treated only after suspension into sphere-forming conditions; (i) Pre-drug, wherein cells were pre-
treated with drug for 3 days prior to suspension into the sphere assay, followed by no drug treatments; (iii) Pre-
Post-drug, wherein cells were subjected to continuous pre- and post-treatments. As shown, both ARCaPE-
eHsp90 and M12 cells exhibited a dependence upon continuous eHsp90 expression (Fig. 9B, top and bottom
panels).
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We next evaluated the effects of either Snail or EZH2 suppression upon sphere formation. We found that Snail
knockdown reduced spheroid growth at each passage, although the number of spheres from P0-P4 increased
with each successive passage (Fig. 10A). This indicates that while Snail supports spheroid formation, its loss
is not sufficient to abrogate this activity. Snail knockdown appears to restrain spheroid formation, and likely
cooperates with other effectors. Our results with EZH2 knockdown were surprising. Most notably, EZH2
knockdown appeared to increase prostasphere formation, particularly at P4 (Fig. 10A). To further investigate
this effect, we next treated cells with GSK343, utilizing the ‘Post-, Pre-, and Pre-Post’ drug regimes described
above. As shown, GSK343 was relatively ineffective in curtailing sphere formation, especially at passages
beyond PO, when stem cell populations are enriched. Studies are ongoing to collect mMRNA from these spheres
to evaluate whether EZH2 is reducing stem cell-associated markers. Although these findings may seem
contrary to our prior data indicating that EZH2 regulates stem-cell markers, it is well known that stem-like cells
are heterogeneous and form a hierarchy. We noted that perturbation of molecular pathways did not elicit
identical effects within each stem-cell associated assay, again supporting the notion that different, and perhaps
overlapping, sub-populations of stem-like cells are isolated with each assay. We also found that drug-
mediated ERK inhibition elicited modest, if any effects on prostasphere formation (Fig. 10C).
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KEY RESEARCH ACCOMPLISHMENTS:

We found, and reported, that an eHsp90-ERK-EZH2 axis was capable of suppressing E-cadherin
expression and promoting tumor growth and invasion in vivo. This was due to the ability of eHsp90-
ERK to regulate EZH2 expression, as well as its recruitment and activity, at the E-cadherin promoter.
Our data also highlight that eHsp90 serves as a primary rheostat for ERK activation.

Although Snail suppression upregulated E-cadherin expression, its loss had a very modest effect upon
EZH2 recruitment and activity, indicating that within the context of eHsp90 signaling, Snail may
cooperate with other effectors and/or utilize other post-transcriptional mechanisms such as microRNAs
to regulate E-cadherin expression.

ERK blockade elicited a robust increase in H3K27Ac throughout the E-cadherin promoter, indicating
that eHsp90-ERK also plays a major role in regulating the dynamics of histone acetylation and
deacetylation at the E-cadherin promoter, and likely at other sites. Our data also indicate that ERK1
and ERK2 may differentially impact EZH2 recruitment vs activity. Moreover, eHsp90 may regulate, in a
cell context dependent manner, expression of HDAC1 and HDAC2 proteins. However, this regulation
was not directly controlled by transcription, nor did it appear to be regulated by ERK signaling.

Importantly, our preliminary results indicate that ERK may modulate EZH2 activity by regulating the
cohort of its interacting proteins. In particular, we found that ERK activity promoted EZH2 interaction
with ERK and HDAC1/2.

eHsp90 promotes cell behavior consistent with a stem-like phenotype. This included induction of the
stem-associated markers ABCG2, ALDH1, and ID2, formation of a dye-effluxed side population, and
increased propensity of cells to form prostaspheres. EZH2 was a downstream effector of eHsp90 within
the context of regulated expression of these stem-associated markers.

While Snail suppression reduced the ALDH+ population and restrained prostasphere growth, blockade
of either EZH2 or ERK had minimal impact upon prostasphere formation.
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KD Nolan, OE Franco, SW Hayward and JS Isaacs
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J Kaur, KD Nolan, JS Isaacs
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Nolan KD, Franco OE, Hance MW, Hayward SW, Isaacs JS. Tumor secreted Hsp90 subverts Polycomb
function to drive prostate tumor growth and invasion. J Biol Chem. 2015 290(13):8271-8282. PMCID:
PMC4375482.



CONCLUSION

Collectively, our work has provided novel functional and mechanistic insights into eHsp90 action in prostate
cancer. We showed that eHsp90 serves as a rheostat for ERK activation, which may subsequently regulate
EZH2 expression and activity. We also showed that eHsp90-ERK signaling dynamically controls histone
acetylation at the E-cadherin promoter. We expect that this regulation may be more global, given our prior
results that eHsp90 blockade, or ERK targeting reduces overall histone methylation. These observations may
be more fully appreciated within the context of our newer findings that reveal the ability of ERK to modulate
EZH2'’s interacting partners, and in particular, HDAC1/2 association. Ongoing studies will focus on whether the
dissociation of HDAC and EZH2 following ERK blockade is a primary cause for diminished EZH2-dependent
histone methylation. Our findings also illustrate the possibility that eHsp90 may deregulate additional
epigenetic effectors, evidenced by its upregulation of HDAC proteins. Interestingly, the androgen independent
LNCaP derivative cells appeared somewhat reliant upon eHsp90 for sustained expression of HDAC1. Future
work will be required to explore the broader implications of eHsp90-dependent HDAC regulation in prostate
and other cancers.

In our newer work, we evaluated the link between eHsp90 and cancer stemness. We found that eHsp90
promotes a number of metrics associated with stem-like behavior, including upregulation of relevant
transcripts, an increase in the ALDH+ and side populations, and prostasphere growth. Although some of these
effects may be due to the EMT-inducing activities of eHsp90, as supported by the involvement of Snail, we
also noted several levels of divergence. Although we clearly demonstrated an involvement for EZH2, EZH2 did
not markedly regulate prostasphere growth. A similar trend was noted for ERK. Several interpretations can be
inferred from these findings. First, the eHsp90-ERK-EZH2 axis may have more relevance for the bulk tumor
cells and perhaps a select group or subpopulation of stem-like cells. It is likely that the stem-like cells captured
by each assay represent at least partially distinct populations. From a clinical perspective, our studies
demonstrate the challenge in eradicating all stem-like cell types. Our findings suggest that the stem-like cell
populations identified by prostasphere growth may be the most recalcitrant to therapy. Broadly, our studies
also suggest that eHsp90 may enhance the stem-like cell diversity existing within populations, which would be
predicted to further confound therapeutic approaches.



APPENDICES

Meeting Presentations

(2015) Keystone Symposia, Epigenetics and Cancer, Keystone, CO
KD Nolan and JS Isaacs
Tumor secreted Hsp90 induces a Polycomb-dependent stem-like population in prostate cancer

Prostate cancer (PCa) is one of the most commonly diagnosed cancers and the second leading cause of male
cancer mortality. The epithelial to mesenchymal transition (EMT) genetic program is implicated as a key
facilitator of aggressive disease. We recently demonstrated that tumor-secreted Extracellular Heat Shock
Protein 90 (eHsp90) initiates EMT events in vitro, and promotes tumorigenesis and invasion in vivo via an
EZH2-dependent mechanism. EZH2 is a component of the Polycomb epigenetic repressor complex also
implicated in the development of cancer stem-like cells, a cell population linked with tumor recurrence and
lethality. We herein investigated whether eHsp90 may subvert EZH2 function to support the expansion of
cancer stem-like cells. We now demonstrate that eHsp90 increases the cancer stem cell population in
established cell lines, as assessed by their side population phenotype. These findings were corroborated by
increased ALDH1A1 activity as demonstrated via the ALDEFLUOR assay. Importantly, this eHsp90-driven
cancer stem cell population was highly dependent upon EZH2 activity. We additionally report that eHsp90-
initiated MEK-ERK signaling is essential for the stem cell phenotype. Moreover, we unexpectedly uncover
distinct roles for ERK1 and ERK2 in their support of this de-differentiation population. Our current findings are
the first to implicate an eHsp90-ERK-EZH2 axis in the process of prostate cancer stem cell expansion.
Collectively, these results highlight a novel function for eHsp90 as a regulator of cellular plasticity and provide
new insights into mechanisms by which eHsp90 may putatively support disease progression and recurrence.

(2015) American Association for Cancer Research (AACR) annual meeting, Philadelphia, PA
KD Nolan, OE Franco, SW Hayward and JS Isaacs
Dynamic chromatin modification by tumor secreted Hsp90 modulates EMT and tumor invasion

Tumor metastasis is the main cause of prostate cancer lethality. Pathological reactivation of the developmental
genetic program epithelial to mesenchymal (EMT) is associated with increased tumorigenesis and invasion,
and is considered a primary culprit for tumor dissemination. Hallmarks of EMT include upregulation of the core
transcription factors Zeb and Snail, concomitant with suppression of the junctional protein E-cadherin.
Overexpression of the epigenetic repressor EZH2, a histone methyltransferase, is also implicated in EMT
activation. Although these molecular events are well known to trend with cancer progression, a paucity of
knowledge exists regarding identification of the clinically-relevant upstream triggers capable of setting these
events into motion. We recently demonstrated that tumor secreted extracellular heat shock protein 90
(eHsp90) initiates EMT events in prostate cancer cells. Moreover, we reported the presence of surface Hsp90
in human prostatectomy specimens, an event highly correlated with elevated expression of a subset of EMT
transcripts. The present study reveals unique mechanistic aspects of eHsp90 action in tumor progression. We
define a novel signaling axis wherein eHsp90 regulates both EZH2 expression and activity via sustained
activation of ERK. This eHsp90-EZH2 axis elicited the majority of eHsp90’s pro-EMT activity in vitro, and was
essential for E-cadherin suppression and tumor invasion in vivo. Moreover, eHsp90-ERK signaling augmented
the epigenetic landscape of Zeb and Snail towards a profile permissive for transcriptional activation. Hence,
our findings indicate that eHsp90-ERK signaling supports cancer progression in a concerted manner via
epigenetic modulation of EMT effectors and increased EZH2 expression. Collectively, these data support a
model wherein tumor eHsp90 functions as an upstream rheostat for EZH2 expression and activity to
orchestrate mesenchymal properties and coincident aggressive behavior. Moreover, our findings suggest that
eHsp90 may be a clinically relevant instigator in the transition from localized to invasive disease.

(2015) The EMT International Association, 7" International Meeting, Melbourne, Australia
J Kaur, KD Nolan, JS Isaacs
Tumor secreted Hsp90 as a central nexus in cancer progression

Tumor metastasis is the main cause of prostate cancer lethality. Pathological reactivation of the developmental
genetic program epithelial to mesenchymal (EMT) is associated with increased tumorigenicity, invasion, and
tumor dissemination. While key transcriptional drivers of EMT have been identified, the triggers responsible for



initiating this program in the tumor microenvironment are not well defined. Tumor cells preferentially exhibit
surface and secreted forms of the chaperone Hsp90, although the significance of this trend is unclear. We
recently demonstrated that tumor secreted extracellular Hsp90 (eHsp90) initiates EMT events in prostate tumor
cells. Moreover, we found that surface eHsp90 expression occurs in tumor cells derived from human
prostatectomy specimens, and correlates with elevated expression of a cohort of EMT transcripts. Importantly,
eHsp90 augments the epigenetic landscape by upregulating EZH2 in an ERK-dependent pathway.
Functionally, we identified an eHsp90-EZH2 axis as a primary effector for eHsp90-dependent EMT activity in
vitro, and for E-cadherin suppression and tumor invasion in vivo. The present study further interrogates
mechanistic aspects of eHsp90 action in tumor progression. We demonstrate that ERK is positioned at the
apex of a molecular hierarchy that governs eHsp90-dependent EMT activity. In tandem, we demonstrate that
eHsp90-ERK signaling profoundly deregulates the spatial organization of sentinels of the apico-basal polarity
module. Collectively, our data support a model wherein eHsp90-ERK signaling dually orchestrates the
disruption of epithelial cell polarity and activates a mesenchymal program, thereby enacting complementary
processes permissive for tumor cell progression. Importantly, these findings implicate eHsp90 as a clinically
relevant instigator in the transition from localized to invasive disease. Hence, the targeting of eHsp90 may
represent a clinically actionable opportunity with the potential for reduced toxicity relative to approaches that
target the intracellular Hsp90 chaperone.
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highlighting a novel molecular effector of disease progression.

Background: Extracellular Hsp90 (eHsp90) is implicated in cancer cell motility and invasion.
Results: Tumor eHsp90 regulates ERK signaling, EZH2 expression, and histone methylation to facilitate prostate tumor growth

Conclusion: Newly characterized epigenetic functions of eHsp90 contribute to prostate tumorigenesis.
Significance: Epigenetic modulation by eHsp90 may be a key facilitator in the transition of indolent to aggressive disease,
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Prostate cancer remains the second highest contributor to male
cancer-related lethality. The transition of a subset of tumors from
indolent to invasive disease is associated with a poor clinical out-
come. Activation of the epithelial to mesenchymal transition
(EMT) genetic program is a major risk factor for cancer progres-
sion. We recently reported that secreted extracellular Hsp90
(eHsp90) initiates EMT in prostate cancer cells, coincident with its
enhanced expression in mesenchymal models. Our current work
substantially extended these findings in defining a pathway linking
eHsp90 signaling to EZH2 function, a methyltransferase of the
Polycomb repressor complex. EZH2 is also implicated in EMT acti-
vation, and its up-regulation represents one of the most frequent
epigenetic alterations during prostate cancer progression. We have
now highlighted a novel epigenetic function for eHsp90 via its
modulation of EZH2 expression and activity. Mechanistically,
eHsp90 initiated sustained activation of MEK/ERK;, a signal critical
for facilitating EZH2 transcriptional up-regulation and recruit-
ment to the E-cadherin promoter. We further demonstrated that
an eHsp90-EZH2 pathway orchestrates an expanded repertoire
of EMT-related events including Snail and Twist expression,
tumor cell motility, and anoikis resistance. To evaluate the role
of eHsp90 in vivo, eHsp90 secretion was stably enforced in a
prostate cancer cell line resembling indolent disease. Remark-
ably, eHsp90 was sufficient to induce tumor growth, suppress
E-cadherin, and initiate localized invasion, events that are
exquisitely dependent upon EZH2 function. In summary, our
findings illuminate a hitherto unknown epigenetic function for
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eHsp90 and support a model wherein tumor eHsp90 functions
as a rheostat for EZH2 expression and activity to orchestrate
mesenchymal properties and coincident aggressive behavior.

Prostate cancer is the most commonly diagnosed cancer in
men and the second leading cause of cancer mortality (1).
Although the majority of patients with organ-confined disease
have a favorable prognosis, tumor metastasis is the primary
cause of prostate cancer lethality (2, 3). Tumor invasion is a
major risk factor for progression, and distinguishing lethal
tumors from the indolent majority remains a major clinical
challenge (4). Pathological reactivation of the developmental
genetic program epithelial to mesenchymal transition (EMT)>
is associated with increased tumorigenesis and invasive behav-
ior and is considered a primary culprit for metastasis and can-
cer-associated lethality (5-7). In prostate cancer, EMT activa-
tion is correlated independently with a high Gleason score,
metastatic recurrence following surgery, and transition to inva-
sive carcinoma in relevant animal models (8 —11). Diminished
expression of the adherens junction protein E-cadherin, a prin-
cipal gatekeeper of tumor invasion, is a conserved and funda-
mental hallmark associated with early EMT events (6,12, 13). In
clinical prostate cancer, measures of progression correlate with
increased expression of the core EMT transcription factors and
diminished expression of E-cadherin (10, 14 —16). Despite these
well characterized genetic events, comparatively less is known
regarding the clinically relevant signaling mediators that trigger
this invasive program to facilitate prostate cancer progression.

Tumor-secreted extracellular Hsp90 (eHsp90) has been
identified as a widespread regulator of cancer cell motility, inva-
sion, and metastasis (as recently reviewed in Ref. 17). We dem-
onstrated a unique role for eHsp90 as an initiator of EMT
events in cell-based models of prostate cancer (18), thereby
providing mechanistic relevancy for its tumorigenic function.

°The abbreviations used are: EMT, epithelial to mesenchymal transition;
eHsp90, extracellular heat shock protein 90; NPGA, nonpermeable
geldanamycin; qRT-PCR, quantitative reverse transcriptase PCR; EZH2,
enhancer of Zeste homolog 2; H3K27m3, histone 3 lysine 27 trimethyla-
tion; H3K27Ac, histone 3 lysine 27 acetylation; ANOVA, analysis of variance.
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Subsequent corroboration of eHsp90 as an EMT inducer in
colon cancer (19) lends support for a conserved role for eHsp90
in malignancy. Moreover, several reports have documented ele-
vated Hsp90 in patient serum relative to cancer-free controls
(20-23), implicating a conserved clinical role for eHsp90. Of
particular interest, patients with metastatic disease, including
those with prostate cancer, exhibit the highest levels of serum
Hsp90 (20, 21). We reported previously the presence of surface
Hsp90 in human prostatectomy specimens, further supporting a
clinical role for eHsp90. Given that tumor surface Hsp90 corre-
lates with elevated expression of transcripts encoding several
key drivers of EMT (18), eHsp90 is emerging as a clinically relevant
mediator of tumorigenic progression. Despite its growing
importance, the accessory players cooperating with eHsp90 in
malignancy, and particularly in prostate cancer, remain largely
undefined.

Prior studies have attempted to discern eHsp90 function by
employing eHsp90 blocking strategies in metastatic cancer
models (21, 24, 25). Our current study is unique in several
respects. First, utilizing a molecular approach for enforced
Hsp90 secretion in a minimally invasive prostate cancer model,
we demonstrate that eHsp90 is sufficient to promote prostate
tumor growth and invasion in vivo. Second, to our knowledge,
this is the first study to evaluate the tumorigenic effects of
eHsp90 in a cancer model representative of early disease, as well
as in prostate cancer. The present study also reveals several
novel mechanistic aspects of eHsp90 action. We now ascribe a
previously unrecognized epigenetic function to eHsp90 as a
conserved modifier of Polycomb group (PcG) protein activity.
The methyltransferase enhancer of Zeste homolog 2 (EZH2) is
the catalytic component of the repressive Polycomb complex 2
(PRC2) that initiates gene silencing by inducing histone
H3-K27 trimethylation (26 —29). We show that eHsp90 initiates
MEK/ERK signaling, which in turn modulates EZH2 expression
and repressive activity. Notably, an eHsp90-ERK axis was crit-
ical for the recruitment of EZH2 to the E-cadherin promoter
and for subsequent suppression of E-cadherin expression.
These molecular relationships were validated in vivo, wherein
EZH2 was an essential effector of eHsp90 tumorigenic and
invasive activity. Collectively, these data support a model
wherein tumor eHsp90 functions as an upstream rheostat for
EZH2 expression and activity to orchestrate mesenchymal
properties and coincident aggressive behavior. Collectively, our
findings lend credence to the premise that eHsp90 may subvert
EZH2 function to promote the transition from localized to
invasive disease.

MATERIALS AND METHODS

Reagents—Recombinant Hsp90«a protein was purchased from
Enzo Life Sciences (ADI-SPP-776). Non-permeable geldanamycin
(NPGA), also known as DMAG-N-oxide-modified, was synthe-
sized by Chris Lindsey and Craig Beeson (Drug Discovery,
Medical University of South Carolina). MEK inhibitor U0126 was
purchased from Promega (V112A). EZH2 inhibitor GSK343
was obtained from the Structural Genetics Consortium, and TO-
PRO-®3 stain (T 3605) was obtained from Molecular Probes.

Cell Culture, Plasmids, and Transfections—The ARCaPE and
ARCaPM cell pair was purchased from Novicure Biotechnol-

ogy, the P69 and M12 pair was obtained from Joy Ware (Vir-
ginia Commonwealth University Medical Center), and DU145
and LNCaP were obtained from ATCC. The ARCaP and P69/
M12 cell pairs were cultured in T-medium (Invitrogen) supple-
mented with 5% heat-inactivated fetal bovine serum. LNCaP
and DU145 were maintained in RPM1-1640 supplemented
with 10% fetal bovine serum with 1% HEPES, 1% sodium
pyruvate, and 1% glutamine. The creation of ARCaPE-LacZ
and ARCaPE-eHsp90 was described previously (18). The
plasmid for pLKO-shEZH2 was purchased from Genecopia
(HSH005050-pLKO). To obtain viral particles for suppression
of EZH2, 293FT cells (Invitrogen) were co-transfected with
viral packaging plasmids and with the corresponding lentiviral
vector. To obtain viral particles for mutant EZH2, the retroviral
vectors were transfected into Platinum-A packaging cells (gen-
erously provided by Paul Liu, National Institutes of Health). All
plasmid transfections were performed with FuGENE 6 (Pro-
mega) according to the manufacturer’s specifications. Follow-
ing transfection, the cell medium was harvested at 48 h, the viral
supernatant concentrated by ultracentrifugation, and recipient
cells infected in the presence of Polybrene (8 wg/ml) and
selected in puromycin (Invivogen).

Western Blot and Antibodies—Cell extracts for Western blot
analysis were prepared and performed as described (18, 30).
Nuclear fractionation, where indicated, was performed as
described previously (31). All blots are representative of a min-
imum of two independent experiments. Antibodies for E-cad-
herin (catalog No. 3195), EZH2 (5246), P-ERK1/2 (4370),
ERK1/2 (4695), Snail (3895), Myc tag (2276), and histone H3
(4620) were from Cell Signaling. Zeb1 (NBP-05987) was from
Novus Biologicals. Histones for immunoblot analysis were
extracted via the acid extraction method as described previ-
ously (32), and antibodies for H3K27me3 (catalog No. 39536)
and H3K27Ac (39133) were purchased from Active Motif. The
antibody to a-tubulin (T6074) was from Sigma, and Ki67 anti-
body (catalog No. 16667) was from Abcam. Where indicated,
relative fold changes in protein expression were quantified with
Image].

RNA Isolation and Real-time PCR Analysis—RNA purifica-
tion from cells was performed following a TRIzol/chloroform
extraction procedure according to the maufacturer’s recom-
mendations (Qiagen miRNeasy kit 217004). Isolated mRNA
was converted into complementary DNA (cDNA) (Bio-Rad
iScript cDNA synthesis kit, catalog No. 170-8891) and ampli-
fied. Primers were purchased from Integrated DNA Technolo-
gies with sequences as follows: CDH1 sense, 5'-TGGGCCAG-
GAAATCACATCCTACA-3’, and antisense, 5'-TTGGCAG-
TGTCTCTCCAAATCCGA-3'; EZH2 sense, 5'-AGAGGAC-
GGCTTCCCAATAACAGT-3', and antisense, 5'-TTCAGTC-
CCTGCTTCCCTATCACT-3'; and GAPDH sense, 5'-TCGA-
CAGTCAGCCGCATCTTCTTT-3', and antisense, 5'-ACCA-
AATCCGTTGACTCCGACCTT-3". All quantitative real-time
PCR reactions were performed in technical triplicates from at
least two biological replicates. The data shown are presented as
mean * S.D. with differences in treatment groups defined as
statistically significant at p < a« = 0.05, as calculated from
Student’s £ test.
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Chromatin Immunoprecipitation and gPCR—Cells for chro-
matin immunoprecipitation (ChIP) were collected at ~80—
85% confluency, and cell numbers were quantified. Chromatin
was then harvested using the enzymatic ChIP kit from Cell Sig-
naling (catalog No. 9003) following the manufacturer’s instruc-
tion. Briefly, cells were fixed in 1% formaldehyde for 10 min,
quenched, and enzymatically digested for 20 min. The digested
chromatin was then briefly sonicated to lyse nuclear mem-
branes and stored at —80 °C. Approximately 1 X 10° cells
(about 10 pg of DNA) was used for all immunoprecipitations.
All immunoprecipitations were performed using magnetic
beads according to the manufacturer’s instructions (Cell Sig-
naling). The following Active Motif antibodies were used for
ChIP: H3K27m3 (catalog No. 39155), H3K27Ac (39133), and
EZH2 (39875). Control IgG antibodies were provided with the
ChIP kit. Immunoprecipitated (ChIPed) DNA was then ampli-
fied via quantitative PCR utilizing primers flanking a validated
EZH2 binding site on the E-cadherin promoter (—1.4 kb) (33).
Primer sequences (Integrated DNA Technologies) for the
E-cadherin promoter and GAPDH control promoter were as
follows: CDH1 sense, 5'-ACCATGCCTGGCCCTATTGTT-
ACT-3', and antisense, 5'-ATGTCTCCCTATGCTGTTGTG-
GGA-3'; and GAPDH sense, 5'-TACTAGCGGTTTTACGG-
GCG-3', and antisense, 5'-TCGAACAGGAGGAGCAGAGA-
GCGA-3'. The data presented are from technical triplicates
representing at least two biological replicates and are presented
as mean = S.E. with statistical significance defined asp = o =
0.05, as calculated from Student’s ¢ test.

Anoikis and Proliferation Assays—Cells were trypsinized and
resuspended, and equivalent numbers (5 X 10*) were added to
either 6-well Corning Ultra-low attachment plates or standard
tissue culture-treated plates. Cells were harvested at 1, 3, and 5
days, and live cells were either quantified by counting trypan
blue-negative cells with a hemocytometer or measured using
CellTiter-Blue (Promega).

Cell Motility Assays—Wounding assays were performed as
described previously (18). Briefly, a thin sterile pipette tip was
used to create a scratch wound in confluent cell monolayers.
Mitomycin C (5 ug/ml, Sigma) was added just prior to wound-
ing to suppress proliferation and was replenished with the
medium. At 0 and 20 h after wounding, images were captured
with an inverted Nikon eclipse TE 2000-S microscope with X 10
magnification. The extent of migration was calculated by mea-
suring the gap area using Image] software.

Immunofluorescence—Equivalent cell numbers (2.5 X 10%)
were plated overnight on coverslips. Cells were then treated as
indicated, fixed with 4% paraformaldehyde, and permeabilized
with 0.1% Triton X-100 in PBS as described (18). Images
obtained with an Olympus FV10i were processed in Photoshop.

Animal Studies—Equivalent cell numbers (1 X 10°) from
each experimental group were resuspended in 50 ul of type I rat
collagen as described previously (34). Collagen plugs were incu-
bated overnight at 37 °C and grafted under the kidney capsule
of adult male SCID mice (Harlan Sprague-Dawley, Indianapo-
lis, IN), as described (34). Two replicates/kidney from each
experiment were xenografted in three mice (total of six repli-
cates). Mice were sacrificed after 7—8 weeks, and grafts were
harvested. Pictures of the grafts before and after sagittal sec-

SA onNAD

tioning were taken followed by formalin fixation and processing
for paraffin embedding. Histological assessment of xenografts
was performed by H&E staining. Calculation of xenograft vol-
umes was performed using the following formula: volume =
width X length X depth X /6. Data are shown as means = S.D.
A multiple group comparison was performed by one-way
ANOVA followed by the Kruskal-Wallis procedure for com-
parison of means. p < 0.05 was considered significant.

Immunohistochemistry—Immunohistochemical analysis was
performed on 5-um sections from paraffin blocks using a pre-
viously optimized protocol (35). The following dilutions were
used: E-cadherin (1:400), EZH2 (1:200), and Ki67 (1:200). Ki67
values were quantified according to the ImmunoRatio plugin
with Image] image analysis software. Statistical significance for
comparisons between groups was determined using ANOVA.
In all cases, p < 0.05 was considered statistically significant.

Statistical Analysis—Quantitative results are means * S.E.
for at least three replicate determinations for each data point,
and significant (p < 0.05) induction of a response compared
with untreated controls, as determined by Student’s ¢ test, is
indicated.

RESULTS

eHsp90 Regulates EZH2 Expression via an ERK-dependent
Pathway—We recently reported that eHsp90-initiated ERK
signaling elicits the transcriptional repression of E-cadherin in
prostate cancer cells (18). To further interrogate the mechanis-
tic basis for this suppression, we explored the potential involve-
ment of EZH2, an epigenetic repressor of E-cadherin (33, 37).
To answer this question, we first investigated whether eHsp90
modulates EZH2 expression. Hence, EZH2 expression was
assessed in two pairs of prostate epithelial cells, with each
matched pair composed of an epithelial cell and its mesenchy-
mal counterpart. We demonstrated previously that eHsp90 is
more highly expressed in the mesenchymal derivative relative
to the matched epithelial counterpart (18). Of note, EZH2
expression was modestly elevated (1.5-fold), and E-cadherin
correspondingly repressed, in each of the mesenchymal cell
lines (ARCaPM and M12) relative to the matched epithelial
ARCaPE and P69 cell lines (Fig. 1A). Consistent with our prior
findings, basal P-ERK1/2 levels were significantly elevated
in the eHsp90-expressing mesenchymal lines. To evaluate
whether an eHsp90-ERK signaling pathway played a regulatory
role in modulating EZH2 expression, ARCaPM was treated
with either the small molecule eHsp90 inhibitor NPGA (18, 25)
or with the MEK/ERK inhibitor UO126. As shown, blockade of
eHsp90 or MEK/ERK diminished both P-ERK and EZH2
expression, concomitant with an increase in E-cadherin (Fig.
1B). Although both UO126 and NPGA restored E-cadherin,
there were obvious differences in the kinetics of this restora-
tion. Whereas UO126 restored E-cadherin between 3 and 5
days, E-cadherin was not detectable prior to 10 days of NPGA
treatment. These results are consistent with the more robust
and earlier effects of UO126 upon both P-ERK and EZH2 rela-
tive to NPGA, further supporting the involvement of an
eHsp90-ERK pathway in the regulation of EZH2 expression.

To validate eHsp90 as a primary effector of EZH2 expression,
we utilized our previously reported lentiviral approach to
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FIGURE 1. eHsp90 regulates EZH2 expression via an ERK-dependent pathway. A, cell lysates were derived from two matched sets of epithelial and
mesenchymal counterparts, and the indicated proteins were evaluated by immunoblot analysis. B, mesenchymal ARCaPM cells were treated with the small
molecule eHsp90 inhibitor NPGA (1 um) or the MEK/ERK inhibitor UO126 (10 um) for the indicated times (D, days), and cell extracts were similarly assessed. C,
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indicated proteins in M12 (E) and DU145 (F) cells following NPGA or UO216 treatment, as described in B, for the indicated times (days). E-cad, E-cadherin.

enforce eHsp90 expression in ARCaPE, thereby creating an iso-
genic pair consisting of a LacZ-transduced control (ARCaPE-
LacZ) and an eHsp90-expressing counterpart (ARCaPE-
eHsp90) (18). As shown, P-ERK was strongly up-regulated and
EZH2 modestly increased (1.5-fold) in ARCaPE-eHsp90 rela-
tive to ARCaPE-LacZ (Fig. 1C), supporting the notion that
eHsp90 is sufficient to induce EZH2 protein expression. To
validate these trends, we tested whether NPGA and UO126
would antagonize the effects of eHsp90. As expected, treatment
with NPGA or UO126 restored E-cadherin expression in tan-
dem with diminished P-ERK and EZH2 (Fig. 1D). Consistent

with findings in ARCaPM, UO126 elicited a more rapid resto-
ration of E-cadherin, congruous with its earlier inhibition of
P-ERK and loss of EZH2 compared with NPGA. To further
evaluate whether eHsp90-ERK signaling may be a conserved
pathway for EZH2 regulation in prostate cancer, we extended
our analysis to additional cell lines, including mesenchymal
M12 cells (38) as well as the established DU145. As shown,
NPGA and UO126 each increased E-cadherin and inversely
diminished EZH2 and P-ERK in both cell models (Fig. 1, E and
F). Strikingly, NPGA elicited robust effects upon P-ERK,
EZH2, and E-cadherin in these models that were comparable
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to UO126, indicating an enhanced reliance upon eHsp90-
ERK signaling. Although cell context-dependent variability
in eHsp90 signaling likely exists, our findings convincingly
demonstrate that an eHsp90-ERK axis is a prominent regu-
latory node for the regulation of EZH2 expression in prostate
cancer.

eHsp90-ERK Signaling Elicits Transcriptional Regulation of
E-cadherin and EZH2—We next assessed whether eHsp90
functions as a general modulator of E-cadherin transcription.
As expected, eHsp90 diminished E-cadherin transcription in
the ARCaPE model (Fig. 2A4), whereas E-cadherin message was
restored by NPGA treatment (Fig. 2B). A similar restoration
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was evident in ARCaPM and M12 cells following NPGA treat-
ment (Fig, 2, Cand D). Although E-cadherin protein expression
was undetectable in ARCaPM following 5 days of NPGA treat-
ment, E-cadherin transcript levels were visibly increased by 3
days. This indicates that E-cadherin is highly repressed in
ARCaPM and that prolonged exposure to NPGA is required to
reach a threshold for detection of E-cadherin protein expres-
sion. Given the apparent inverse expression of E-cadherin
and EZH2, we next assessed whether eHsp90 also exerted tran-
scriptional control over EZH2. As shown, eHsp90 modestly
increased EZH2 transcript expression in the ARCaPE model
(Fig, 2E). As expected, NPGA treatment reduced EZH2 tran-
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script expression in ARCaPE-eHsp90 (Fig. 1F). Similar trends
upon EZH2 expression were observed in ARCaPM and M12
(Fig. 2, G and H). We next sought to confirm the involvement
of ERK signaling in the eHsp90-dependent regulation of E-cad-
herin and EZH2 transcription. As shown, treatment of
ARCaPE-eHsp90 and M12 cells with UO126 robustly increased
E-cadherin while diminishing EZH2 transcript expression (Fig.
2, I and J). These findings support a previously unappreciated
role for eHsp90 as a transcriptional effector of EZH2.

EZH?2 Is Essential for eHsp90-mediated E-cadherin Sup-
pression—Our findings thus far supported the premise that an
eHsp90-ERK pathway inversely regulates E-cadherin and

EZH2 expression. We next evaluated whether EZH2 might
directly participate in eHsp90 suppression of E-cadherin, given
the known ability of EZH?2 to function as a repressor of E-cad-
herin (33, 37). To functionally evaluate the significance of
eHsp90-mediated EZH2 up-regulation within the context of
E-cadherin suppression, ARCaPE-eHsp90 was treated with the
highly potent specific EZH2 methyltransferase inhibitor
GSK343 (39). As shown, GSK343 antagonized eHsp90-medi-
ated E-cadherin suppression in ARCaPE-eHsp90 (Fig. 3A).
Similar to the effects of NPGA, GSK343 elicited a time-depen-
dent increase in the E-cadherin message (Fig. 3B). To mitigate
the remote possibility of off-target drug effects, EZH2 activity
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was also blunted either with an shRNA approach or via trans-
duction with a functionally inactive Myc-tagged EZH2 mutant
protein (EZH2-H694L) (40). These EZH2 blocking strategies
similarly increased E-cadherin expression at the protein (Fig.
3C) and transcriptional levels (Fig. 3D). A similar analysis in
ARCaPM (Fig. 3, E-G) confirmed that blockade of EZH2 activ-
ity was required for the restoration of E-cadherin protein and
transcript expression. We next extended our interrogation of
EZH2 function in DU145 and M12, as eHsp90-ERK signaling
regulated both E-cadherin and EZH2 expression in these cell
models. As shown, GSK343 treatment increased E-cadherin
protein expression in both DU145 and M12. These findings
collectively support the notion that EZH2 cooperates with
eHsp90 to direct E-cadherin repression. Of note, the inability of
GSK343 to suppress P-ERK (Fig. 3, A and H) indicates that its
restoration of E-cadherin is not incompatible with P-ERK
expression, further depicting EZH2 as a downstream target of
eHsp90-ERK signaling.

eHsp90-ERK Signaling Regulates EZH2 Activity and Recruit-
ment to the E-cadherin Promoter—We next sought to define the
mechanistic role of eHsp90 within the context of EZH2 func-
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tion. Initially, to assess EZH2 activity, we evaluated the basal
cellular levels of histone H3-K27 methylation (H3K27m3) in
ARCaPE and ARCaPM. As shown, the repressive mark was up-
regulated (2.4-fold) in ARCaPM relative to ARCaPE (Fig. 4A).
Strikingly, a 3-day exposure to NPGA obliterated the repressive
mark in ARCaPM, although moderate EZH2 protein was
detected at this time point (see Fig. 1B). To further validate
eHsp90 as an effector of EZH?2 activity, H3K27m3 expression
was evaluated in the isogenic LacZ- and eHsp90-expressing
ARCaPE. As shown, eHsp90 increased (6-fold) the repressive
mark, whereas NPGA, U0126, and GSK343 abrogated H3K27m3
expression (Fig. 4B). These findings indicate that eHsp90-ERK
signaling globally increases the repressive activity associated
with EZH2.

We next evaluated whether these molecular trends were evi-
dent at the E-cadherin promoter, thereby serving as a putative
regulatory mechanism for E-cadherin transcription. EZH2
recruitment and activity at the E-cadherin promoter was
assessed by performing ChIP in the isogenic ARCaPE-LacZ and
ARCaPE-eHsp90 pair. As shown, EZH2 and its repressive mark
exhibited a 2-fold enrichment at the E-cadherin promoter in
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ARCaPE-eHsp90 relative to ARCaPE-LacZ (Fig. 4C). Although
active gene transcription frequently correlates with increased
promoter acetylation (H3K27Ac), only a minor decrease in this
mark was observed, indicating that eHsp90 primarily regulates
EZH2-directed repressive activity at the E-cadherin promoter
in this model. We next evaluated whether MEK/ERK signaling
diminished EZH2 recruitment to the E-cadherin promoter, an
expected result given the ability of UO126 to restore E-cadherin
expression. As shown, UO126 exposure evicts EZH2 from the
E-cadherin promoter, with a corresponding decrease in the
inhibitory H3K27m3 mark (Fig. 4D). We additionally evaluated
the relation between eHsp90 and EZH?2 recruitment in DU145.
Although the decrease in EZH2 recruitment did not reach sta-
tistical significance, loss of the repressive mark was significant,
as was acquisition of the H3K27Ac mark. Collectively, these
results support the premise that an eHsp90-ERK pathway facil-
itates EZH2 repressive activity at the E-cadherin promoter.
EZH?2 Is a Major Effector of eHsp90-dependent EMT Events—
We demonstrated previously that eHsp90 initiates several
events consistent with EMT activation (18). As our current
findings support a functional cooperation between eHsp90 and
EZH2 in the suppression of E-cadherin, we assessed the func-

tional role of EZH2 within the broader context of eHsp90 and
EMT activation. We demonstrated previously that eHsp90 dis-
rupts epithelial morphology and promotes a scattered pheno-
type concomitant with aberrant localization of E-cadherin (18).
Remarkably, the inhibition of EZH?2 either by treatment with
GSK343 or by introducing mutant EZH2-H694L relocalized
the E-cadherin to adherens junctions and restored the epithe-
lial phenotype, mirroring the effects elicited by UO126 (Fig.
5A). We demonstrated previously that eHsp90 induces the
expression of several core EMT transcription factors (18). We
now show that EZH2 blockade via GSK343 treatment or the
introduction of EZH2-H694L similarly reduced Twist and Snail
expression, whereas Zeb1 was unaffected (Fig. 5B).

Given that increased cell motility is a hallmark of EMT and
that eHsp90 elicits a pro-motile phenotype in this model (18),
we next evaluated the role of EZH2 in eHsp90-directed cell
motility. As shown, EZH2 targeting profoundly inhibited the
motogenic action of eHsp90 (Fig. 5C). Finally, we evaluated the
role of EZH2 within the context of cell proliferation and sur-
vival. Under adherent conditions, ARCaPE-eHsp90 exhibit a
minimal increase in proliferative capacity relative to ARCaPE-
LacZ, results that were confirmed via a quantitative fluoromet-
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ric assay (Fig. 5D) or by visual cell counts (not shown). Interest-
ingly, EZH2 inhibition significantly diminished this proliferative
advantage. We next investigated whether EZH2 conferred a sur-
vival advantage in non-attachment conditions. Although normal
cells undergo apoptotic death upon disruption of cell-matrix inter-
actions, otherwise known as anoikis, cell transformation, such as
that occurring during EMT activation, is associated with anchor-
age-independent growth and anoikis resistance (41). Our results
demonstrate that eHsp90 conferred anoikis resistance, an effect
entirely dependent upon EZH2 activity (Fig. 5E). Collectively,
these results highlight a conserved role for EZH2 as a prominent
executor of the EMT-inducing activities of eHsp90 in prostate
cancer models.

EZH2 Is Required for eHsp90-driven Tumorigenesis and
Invasion—W e next interrogated the relation between eHsp90
and EZH2 within a more physiologically relevant context.
Implantation of prostate cancer cells into the kidney capsule is
an effective approach to assessing tumorigenicity and invasive
behavior (35). Although ARCaPE has not, to our knowledge,
been evaluated in this model, ARCaPE is poorly metastatic in
orthotopic models (9) and therefore resembles localized dis-
ease. Consistent with this notion, resultant ARCaPE-LacZ
tumors grew poorly in the renal model (Fig. 64). Of note,
eHsp90 expression significantly increased tumorigenicity, an
effect that was completely dependent upon EZH2 function.
Although suppression of tumor growth was attained by either
shEZH2 or the introduction of EZH2-H694L, the latter more
potently abolished tumor growth, a difference likely due to a
more robust ablation of EZH2 activity. Consistent with the sup-
portive effects of eHsp90 upon tumorigenicity, the resultant
tumor tissue exhibited increased proliferation, an effect that
was also dependent upon EZH2 activity (Fig. 6B). There was no
apparent effect of eHsp90 upon cell death as assessed by
TUNEL (not shown).

H&E analysis of tumor sections indicated that ARCaPE-LacZ
typically formed non-invasive tumors with relatively well indi-
cated tumor-stromal boundaries (Fig. 6C, highlighted by
dashed white line in upper left panel). In contrast, eHsp90
expression was sufficient to stimulate frank tumor invasion into
the kidney parenchyma. Remarkably, this eHsp90-dependent
invasive activity was completely antagonized by EZH2 suppres-
sion. The relative expression of EZH?2 in these corresponding
tumors is shown (Fig. 6C, middle row). We next evaluated
whether tumor invasive activity was accompanied by respective
changes in E-cadherin expression. Although strong E-cadherin
staining was evident in ARCaPE-LacZ tumors (Fig. 6C, bottom
row), ARCaPE-eHsp90 derived tumors demonstrated signifi-
cant loss of E-cadherin, a trend especially apparent at the
tumor-stromal interface. Strikingly, suppression of EZH2 uni-
formly restored E-cadherin, despite the enforced expression of
eHsp90. These data convincingly demonstrate that EZH2 is a
major effector of eHsp90-mediated E-cadherin repression in
vivo, in accordance with our in vitro findings, and that an
eHsp90-EZH2 axis is critical for regulating tumor invasive
function. These molecular relationships are depicted schemat-
ically in Fig. 6D.
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DISCUSSION

It is becoming an accepted paradigm that an intimate and
dynamic relationship exists between signaling mediators and
the epigenetic machinery (42). Within this framework, eHsp90
is emerging as an effector of epigenetic cross-talk, linking ERK
activation with EZH2 activation. We have convincingly dem-
onstrated that an eHsp90-ERK signaling axis governs EZH2
transcription, recruitment to the E-cadherin promoter, and
deposition of repressive marks. These trends were confirmed
by enforced expression of eHsp90 in minimally invasive cells, as
well as by pharmacological blockade of eHsp90 function in
aggressive lines. Moreover, the functional relevance of an
eHsp90-ERK-EZH2 pathway was observed in a broad panel of
prostate cancer models, highlighting the conserved nature of
this regulation. Mechanistically, we demonstrate that EZH2 is a
downstream target of eHsp90-ERK signaling, a hierarchy that
differs from the recently reported bidirectional regulation
between ERK and EZH2 in murine embryonic stem cells (43).
In our models, a blockade of either eHsp90 or ERK consistently
reduced EZH2 expression and activity. EZH2 targeting antag-
onized eHsp90 action, despite maintenance of eHsp90-acti-
vated ERK, further supporting EZH2 as a downstream effector
of eHsp90 action. Notably, EZH2 was obligate for eHsp90 sup-
pression of E-cadherin in vitro and in vivo and for coincident
invasive activity in vivo. These collective findings reinforce the
idea that eHsp90-EZH2 dependent modulation of E-cadherin
represents an important step in prostate cancer progression.
Although additional eHsp90-regulated mechanisms may con-
spire to down-regulate E-cadherin, our results support a role
for EZH2 as a primary effector of eHsp90 action.

The relationship among eHsp90, ERK, and EZH2 is complex.
Although a precedent exists for ERK to function as a transcrip-
tional regulator of EZH2 via an ELK1 pathway (44), our prelim-
inary findings (not shown) do not support ELK1 as a key effec-
tor, leaving open the question of the precise mechanism for
eHsp90-ERK-mediated EZH2 up-regulation. It is also conceiv-
able that post-transcriptional mechanisms such as microRNAs
may be involved, a possibility currently under investigation.
The regulation of E-cadherin by eHsp90-ERK signaling is likely
to involve both EZH2-dependent and -independent mecha-
nisms. The latter premise is supported by our findings that in
some instances, ERK inhibition elicited a more robust restora-
tion of E-cadherin relative to eHsp90 targeting, without elicit-
ing an accompanying larger suppression of EZH2 expression.
This differential may be explained by the expanded epigenetic
functions of ERK. In addition to functioning as an upstream
regulator of EZH2, ERK has recently been shown to co-occupy
a cohort of EZH2 target sites and function as a repressive cofac-
tor (43, 44). Therefore, additional studies are warranted to fur-
ther define whether ERK and EZH2 may be co-recruited to
eHsp90-repressed targets such as E-cadherin. Interestingly,
Tee et al. and others (43, 44) have demonstrated the profound
inhibition of EZH2 repressive activity following ERK targeting.
Consistent with this notion, we demonstrate that the inhibition
of either ERK or eHsp90 ablates the EZH2 repressive mark in
histone lysates, further reinforcing an eHsp90-ERK regulatory
node for EZH2 function. As EZH2 cooperates with a panoply of
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FIGURE 6. EZH2 is required for eHsp90-driven tumorigenesis and invasion. A, top, representative gross images of renal capsule xenograft tumors originat-
ing from the indicated ARCaPE derivatives 7-8 weeks after implantation. Bottom, quantified analysis of corresponding tumors (n = 5). ARCaPE-eHsp90
transduced with an EZH2-H694L expression construct did not produce measurable tumors. B, quantified analysis of tumor proliferation assessed by Ki67
staining. Significance was determined by one-way ANOVA with the Kruskal-Wallis test. C, H&E staining of tumors shown in A, along with immunohistochemical
analysis of EZH2 and E-cadherin. H&E images are at X20 magnification and immunohistochemical images at X40. D, schema depicting proposed mode of
action for eHsp90. eHsp90 signaling may occur via several effectors, such as the low density lipoprotein receptor-related 1 protein (LRP1), to sustain ERK
activation. eHsp90-ERK signaling promotes the transcriptional up-regulation of EZH2 with subsequent EZH2 recruitment to the E-cadherin promoter, resulting

in E-cadherin repression and conditions supporting tumorigenicity and invasion.

cofactors to elicit the repressive function (37, 45—47), further
work will be required to delineate the accessory factors medi-
ating EZH2 recruitment to E-cadherin, as well as how eHsp90-
ERK signaling may impact upon these associations.

We recently reported that eHsp90 is an initiator of EMT events
in prostate cancer (18). EZH2 has also gained recognition as an
effector of the EMT program (46, 48), and our current findings
reinforce the premise that EZH?2 is critical for executing a number
of eHsp90 EMT-related events. In addition to facilitating eHsp90-

AAN~A NN

mediated E-cadherin repression, EZH2 is essential for motile and
tumor invasive actions of eHsp90. Moreover, EZH2 conferred
eHsp90-mediated anoikis resistance, a central hallmark of EMT
and a prerequisite for tumor metastasis (41). Furthermore, EZH2
participated in the eHsp90-mediated induction of Snail and
Twist, a function consistent with the reported ability of EZH2
to modulate H3K27m3 status at these respective promoters
(46, 48). Interestingly, EZH2 regulation of EMT transcription
factors exhibits cell context-dependent variability (48), and our
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finding that Zeb1 is relatively unaffected by EZH2 expression is
consistent with this observation. Given that eHsp90 also
induces Zeb1 expression (18), additional effectors likely con-
tribute to fully execute the eHsp90 EMT program. Although
our current study has focused on the EZH2-dependent sup-
pression of E-cadherin, EZH2 may also augment tumor inva-
sion by silencing additional tumor suppressor targets (49).
Hence, studies are under way to identify the expanded cohort of
EZH2 targets that may support EMT activation and tumor
invasion in response to eHsp90 signaling. As ERK signaling may
also serve as a prominent inducer of EMT (50, 51), it is of inter-
est to further dissect the potentially broader role of ERK in
relation to eHsp90-directed EMT events.

The importance of EZH2 in prostate cancer progression is
underscored by its frequent overexpression in tumors, particularly
in hormone refractory metastatic disease, as well as its correlation
with Gleason score, prostate cancer recurrence, metastasis, and
treatment failure (52—54). Although genetic alterations such as the
TMPRSS2-ERG gene fusion are key drivers of EZH2 up-regulation
(36, 55), fusion-independent mechanisms may also contribute to
aberrant EZH?2 expression and activity (36, 55). Our demonstra-
tion of a novel epigenetic role for eHsp90 further highlights the
ability of signaling mediators to govern EZH2 expression and
function. Our findings raise the intriguing possibility that EZH2
may be a key downstream effector of eHsp90-ERK activity in
diverse tumors. This notion is consistent with the demonstrated
elevation of eHsp90 expression in mesenchymal and aggressive
subtypes in breast and prostate models (18, 21), a trend now shown
to correlate directly with eHsp90-ERK-dependent EZH2 up-regu-
lation. Our collective in vitro and in vivo findings support the pre-
mise that a conserved eHsp90-ERK-EZH?2 axis has the dual capac-
ity to drive early cancer invasion while also enforcing
mesenchymal properties in cell models representative of later
stage disease. Through its defined cross-talk with EZH2, our
molecular and functional data unequivocally place eHsp90 within
the context of an epigenetic modifier, a role inextricably linked
with its support of disease progression. In summary, although mit-
igating EMT activation and tumor invasion is a challenging pros-
pect, our study provides new mechanistic insights for a primary
instigator of this central program, opening the door to unique
treatment strategies.
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